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We explore the rich internal structure of Cs2 Feshbach molecules. Pure ultracold molecular sam- 
ples are prepared in a C02-laser trap, and a multitude of weakly bound states is populated by 
elaborate magnetic-field ramping techniques. Our methods use different Feshbach resonances as 
input ports and various internal level crossings for controlled state transfer. We populate higher 
partial- wave states of up to eight units of rotational angular momentum (Z-wave states). We investi- 
gate the molecular structure by measurements of the magnetic moments for various states. Avoided 
level crossings between difi'erent molecular states are characterized through the changes in magnetic 
moment and by a Landau-Zener tunneling method. Based on microwave spectroscopy, we present 
a precise measurement of the magnetic-field dependent binding energy of the weakly bound s-wave 
state that is responsible for the large background scattering length of Cs. This state is of particular 
interest because of its quantum-halo character. 



I. INTRODUCTION 

The possibility to associate molecules via Feshbach res- 
onances in ultracold gases [l| has opened up new av- 
enues of research. The demonstration of coherent atom- 
molecule coupling Q , the creation of pure molecular sam- 
ples from atomic Bosc-Einstcin condensates [1, |3> HI , and 
the formation of ultracold molecules from atomic Fermi 
gases [1, 0, H paved the way for spectacular achieve- 
ments. Prominent examples are the observation of molec- 
ular Bose-Einstein condensation [l^, [ll|, and the cre- 
ation of strongly interacting superfluids in atomic Fermi 
gases [l^ . Ultracold molecules have also opened up new 
ways to study few-body physics with ultracold atoms 



14, 15 1 . In optical lattices, controlled molecule formation 
16,17, [l^ has been the experimental key to create novel 
correlated states in a crystal- like environment [l^, HO] ■ 

A Feshbach resonance [2l|, arises when a bound 
molecular dimer state is magnetically tuned near a two- 
atom scattering state, leading to resonant atom-molecule 
coupling. The molecular structure and in particular the 
molecular state that interacts with the atomic thresh- 
old determine the character of a particular Feshbach res- 
onance [l|. The rotational angular momentum of the 
molecular state, characterized by the rotational quantum 
number plays a central role. Various types of Feshbach 
molecules ranging from dimcrs in s-wave states {(. = 0) 
to dimers in g-wave states {I = 4) have been realized [l[ . 

For experiments with molecular quantum gases, cesium 
is particularly rich as it offers a unique variety of differ- 
ent Feshbach resonances and molecular states [2^. Pro- 
nounced relativistic effects lead to strong higher-order 
coupling between atom pairs and molecules and between 
different molecular states. For achieving Bose-Einstein 
condensation in cesium [24| . the detailed understanding 
of the complex molecular structure was a crucial factor. 
The interaction properties of cesium atoms were char- 



acterized by Feshbach spectroscopy in a series of atom 
scattering experiments performed at Stanford University 
[23I . [25l . l2a | . In these experiments the magnetic field posi- 
tions of many Feshbach resonances up to g-wave charac- 
ter were measured. This provided the necessary experi- 
mental input for theoretical calculations of the molecular 
energy structure [H, [l^j , performed at the National In- 
stitute of Standards and Technology (NIST). In the fol- 
lowing, we will refer to the cesium molecular structure as 
presented in Ref. [2^ as the "NIST model" . It represents 
the current knowledge of the structure of weakly bound 
molecular states, and thus constitutes the theoretical ba- 
sis for the experiments discussed in this work. 

In this Article, we report on a thorough investiga- 
tion of the energy structure of weakly bound Cs2 Fesh- 
bach molecules. Our experiments are performed on ul- 
tracold molecular samples confined in a C02-laser trap 
[13, m, [2^, H^l and extend previous work [2^ in three 
important ways. First, we show how any of the weakly 
bound molecular states can be populated based on elabo- 
rate time-dependent magnetic field control. Spectroscopy 
performed on various molecular states confirms the main 
predictions of the NIST model and provides input for fur- 
ther refinements of the model. Second, we demonstrate 
how one can indirectly populate states with high rota- 
tional angular momentum of ^ = 8 (Z-wave states) by 
taking advantage of avoided level crossings with I ~ A 
(gr-wave) states. For these ^-wave states, direct Fesh- 
bach association is not feasible because of negligible 
coupling with the atomic scattering continuum. Third, 
spectroscopy on avoided crossings between bound states 
yields precise information about the coupling strengths 
between molecular states. 

In Secini we first review the energy structure of weakly 
bound Cs2 dimers. In Sec. lIIIl we address the preparation 
of molecular samples, detail our techniques to transfer 
molecular samples to various internal states, and present 
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FIG. 1: (color online) Molecular energy structure below the 
threshold of two free Cs atoms in the absolute ground state 
l-F = 3,mF ~ 3). Molecular state labeling is according to 
the quantum numbers f£{mf), mi — 6 — m/. The quantum 
number m/ is omitted for states with ruf — f and mi = l. The 
solid lines re pre sent the s, d and p-wave states included in the 
NIST model [23[. The intersections of the d- and g-wave states 
with the threshold cause narrow Feshbach resonances that can 
be used for molecule production. The curvature of the 6s state 
arises from a large avoided crossing between two states of the 
same f£ quantum numbers. The NIST model does not take 
into account weak avoided crossings between bound molecular 
states mediated by the relativistic spin-spin dipole and second 
order spin-orbit interactions. If these interactions are taken 
into account, the crossings between bound molecular states 
become avoided as illustrated in the inset for the example of 
the 4(7(4)/6(7(6) crossing. The dashed lines represent l-wave 
states {£ = 8) obtained from extended calculations based on 
the NIST model. 

the methods for molecule detection. In Sec. lIVl we report 
on spectroscopic measurements using magnetic moment 
and microwave techniques. 



II. ENERGY STRUCTURE OF WEAKLY 
BOUND CESIUM DIMERS 

Figure[T] gives an overview of the molecular states rel- 
evant to the present work, covering the magnetic field 
region up to 55 G and binding energies up to /i x 10 MHz, 
where h is Planck's constant. Zero energy corresponds 
to the dissociation threshold into two Cs atoms in the 
absolute hyperfine ground state sublevel \F = 3,mp = 3). 
Each intersection of the atomic threshold with a molec- 
ular state corresponds to a Feshbach resonance. The ro- 
tational angular momentum associated with a molecular 
state is denoted by the quantum number £. We follow the 
convention of labeling states with £ = 0, 2, 4, 6, 8, . . . as 
s,d,g,i,l, . . . -wave states [sij and the associated Fesh- 
bach resonances as s, d, g,i,l, . . . -wave resonances. As 
a consequence of the bosonic nature of Cs atoms, only 
even values of £ occur. The solid lines in Fig.[T] rep- 
resent states resulting from the NIST model [23| , in- 
cluding S-, d- and g-wave states. For two interacting 



TABLE I: List of angular momentum quantum numbers for 
the relevant molecular states. Each state is represented by 
four quantum numbers: the total internal angular momentum 
/ and the rotational angular momentum £ with rrif and me 
as the respective projections along the quantization axis. 
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Cs atoms, relativistic spin-spin dipole and second-order 
spin-orbit interactions are particularly important [2^ . 
Therefore, in Cs not only s- and d-wave states but also g- 
wave states couple sufficiently to the atomic threshold to 
produce experimentally observable Feshbach resonances. 
The magnetic field positions of these Feshbach resonances 
were determined experimentally in an optically confined 
atomic Cs gas [H, [H The NIST predictions for 

the weakly bound molecular structure result from a the- 
oretical model of the energy spectrum with parameters 
adjusted to reproduce the measured magnetic field posi- 
tions of the Feshbach resonances. 

Cs molecular states near threshold arc for the most 
part sufficiently well characterized by the quantum num- 
bers I/, nif, £, mi) [l|, where / represents the sum of 
the total atomic spins Fi^2 of the individual atoms, and 
£ is the nuclear mechanical angular momentum quantum 
number. The respective projection quantum numbers are 
given by m J and . In special cases the quantum num- 
bers Fi and F2 also have to be specified. To account 
for the molecular structure below threshold, not only 
the exchange and van der Waals interaction, the atomic 
hyperfine structure, and the Zecman energy, but also 
the weaker relativistic spin-spin dipole and second-order 
spin-orbit interactions have to be considered [Hjllll . The 
exchange and van der Waals interactions conserve £ and 
/, whereas the two relativistic interactions weakly mix 
states with different £ and /. The complete interac- 
tion Hamiltonian conserves the total angular momentum 
f + £ a.t zero magnetic field. More importantly, it always 
conserves the projection of the total angular momentum 
ruf + mi. In our experiments, we start with an ultra- 
cold, spin-polarized atomic sample of Cs atoms in their 
hyperfine ground state \F = 3,mp = 3). At ultralow 
scattering energies only incoming s-waves {£ = 0) need 
to be considered. The atomic scattering state is hence 
|/ = 6,m/ = 6;£ = 0,m£ = 0). Consequently all molecular 
states relevant to the present work obey nif + nii = 6. 

To label molecular states we use the three quantum 
numbers f£(rnf). For states with = / and uii = £, 
we only use / and £ for brevity. Table|T] gives the full set of 
angular momentum quantum numbers for all molecular 
states relevant to the present work. 

Coupling between molecular states with the same / 
and £ in general leads to very broad avoided crossings 
between molecular states. The strong curvature of the 
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6s state in Fig.[l] is a result of such a crossing. In this 
case, a weakly bound 6s-state with i^i = 3 and F2 = 3 
happens to couple to a 6s-state with Fi=4: and F2 = 4. 
Narrow avoided crossings arise when molecular states of 
different / and £ intersect. These narrow crossings are 
mediated by the spin-spin dipole and second-order spin- 
orbit interactions. In the NIST model narrow avoided 
crossings were only taken into account for special cases 
where it was necessary to assign the experimentally ob- 
served Feshbach resonances. Consequently, the molecular 
states in Fig. [1] are shown as intersecting lines. Neverthe- 
less, the existence of avoided crossings between molecular 
states of different f£ is crucial for the present work as it 
allows the transfer of molecules from one state to an- 
other. As an example, the inset in Fig.[T] schematically 
illustrates the avoided crossing between the 4(7(4) state 
and the 65(6) state at 13.5 G. 

The dashed lines in Fig.[l] represent ^-wave states. As 
states with higher angular momentum {£ > 4) do not 
couple to the s-wave scattering continuum, the ^-wave 
states cannot be observed by Feshbach spectroscopy in 
an ultracold atomic gas. Consequently, no experimental 
input for higher angular momentum states was available 
for the NIST model. It is not a surprise, however, that 
for Cs ^-wave states exist in the low magnetic field region. 
This follows from a general property of the asymptotic 
van der Waals potential [l^. In the case of an s-state 
being close to threshold, angular momentum states with 
i = 4, 8, . . . should also occur near threshold. The ob- 
servation of both g- and /-wave states in a system with 
near-resonant s-wave background scattering properties 
nicely illustrates this general property. When the NIST 
model is extended to states with higher angular momen- 
tum it indeed predicts /-wave states in the low-field re- 
gion [H]. The calculations are expected to accurately 
predict the magnetic moments, i. e. the slopes, of these 
states but they leave some uncertainty concerning the 
exact binding energies [131 ■ The /-wave states shown in 
Fig. [J result from the extended NIST model, but they 
are energetically adjusted to the experimental observa- 
tions (Sec. HV]) by equally down-shifting all three states 
by about hx2 MHz. 



III. PREPARATION OF Csa MOLECULES IN 
VARIOUS INTERNAL STATES 

In this Section, we present our basic methods to pre- 
pare Cs2 Feshbach molecules in various internal states. 
The starting point for all the experiments is an optically 
trapped ensemble of Cs atoms, the preparation of which 
is briefly summarized in Sec. IIII Al We then describe 
the creation of optically trapped Cs molecules based on 
different Feshbach resonances (Sec. IIII B[) . These reso- 
nances serve as "entrance doors" into the rich molecu- 
lar structure near threshold. In Sec. IIII C[ we discuss 
our techniques to transfer molecules to various internal 
states by application of elaborate time-variations of the 



magnetic field. We make use of the possibility of adia- 
batic or diabatic passages through avoided crossings. In 
Sec. IIII D] we discuss the methods to detect the molecular 
samples through controlled dissociation. 



A. Atomic sample preparation 

The setup used for the present experiments is opti- 
mized for molecule trapping and molecular state manip- 
ulation, and not for Bose-Einstein condensation (BEC) 
as in our previous work 0, [l^, UHl ■ Here we start with 
an atomic sample near degeneracy, for which we obtain 
sufficient efficiencies for molecule formation. 

For the present experiments we use a sequence of three 
dipole traps in the cooling and sample preparation pro- 
cess as shown in Fig. [2] The final dipole trap for molecule 
experiments is realized by crossing two C02-laser beams. 
The far-infrared C02-laser trap avoids the use of near- 
infrared radiation. In previous experiments we used the 
1064-nm broad-band radiation from an Yb fiber-laser in 
the final trapping stage, and we observed strong light- 
induced trap losses for the Feshbach molecules, pre- 
sumably as a result of excitation of molecular bound- 
bound transitions. The C02-light is sufficiently off reso- 
nance and it thus allows for long molecule trapping times 
[3, m, [13] and facilitates efficient in-trap production of 
molecules. One of the important features in our previ- 
ous experiments on Cs BEC and the production of Fesh- 
bach molecules is the ability to levitate the atoms and 
molecules against gravity using a magnetic field gradi- 
ent [3, [IJ. However, for the preparation of molecular 
samples in various states the requirement of magnetic 
field gradients is problematic, because molecules can have 
widely different magnetic moments and thus require dif- 
ferent levitation gradients. By using a relatively tight 
focus of one of the trapping C02-laser beams, we can 
hold the molecules against gravity without the levitation 
gradient field. 

The cooling and trapping procedure for the atoms is 
similar to the techniques described in Ref. [s^. In brief, 
we first load a magneto-optical trap (MOT) followed by 
a short optical molasses phase to compress and further 
cool the atomic sample. Using the technique of Raman 
sideband cooling in an optical lattice [3^ the atoms are 
then cooled and simultaneously polarized into the lowest 
hyperfinc state \F ~ 3, nip — 3). We typically obtain 
2 X 10^ atoms at a temperature of ~ 700 nK. 

The polarized sample is adiabatically released from the 
lattice into a large volume dipole trap. This "reservoir 
trap" is realized by two crossed laser beams. As illus- 
trated in Fig.[2Ka), we use a C02-laser and an Yb fiber- 
laser for the reservoir with wavelengths of 10.6 ^m and 
1070 nm, respectively. For each laser the beam waist is 
around 650 ^m. This shallow reservoir trap cannot hold 
the atoms against gravity. Therefore we apply magnetic 
levitation at this stage [23, [11] . The resulting effective 
trap depth is about 7 fiK. After releasing the atoms from 
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FIG. 2: (color online) Successive stages of optical dipole traps, 
(a) We first realize a large volume "reservoir" trap by cross- 
ing a C02-laser beam and a 1070nm fiber-laser beam in the 
presence of a levitating gradient, (b) We ramp up a tightly 
focused C02-laser beam, (c) switch off the 1070 nm reservoir 
beam and then evaporate along the vertical direction (z-axis) 
by lowering the gradient. We obtain typically 4 x 10"" Cs 
atoms at a temperature of 200 nK. 



the optical lattice used for Raman sideband cooling into 
the reservoir trap, 2 s of plain evaporation are necessary 
to thermalize the sample in the trap. The thermalization 
is performed at a magnetic field of 75 G, corresponding 
to a scattering length of about 1200 ao, where ao denotes 
Bohr's radius. We measure about 4 x 10^ atoms at a 
temperature of ^ l/iK^sBI, the phase-space density is 
~ 1/1000. 

After thermalization, the reservoir trap is crossed with 
a tightly focused C02-laser beam as shown in Fig.l^^b). 
The waist of this "CO2 dimple" is about 80 ^m. This 
value is diffraction-hmited by the aperture of the window 
of the vacuum chamber. We hnearly ramp up the power 
of the beam within 2.8 s to ~ 2.5 W corresponding to a 
trap depth of about 17 /iK. Simultaneously the magnetic 
field is ramped down to 35 G, corresponding to a scat- 
tering length of 700 ao. This procedu re p rovides efficient 
coUisional loading of the CO2 dimple [33 . The remaining 
atoms in the reservoir trap are released by switching off 
the Yb fiber-laser beam. In the crossed C02-laser trap 
(see Fig.[5][c)) we measure typically 1 x 10^ atoms at a 
temperature of 1 /xK. 

We then apply forced evaporative cooling by exponen- 
tially lowering the magnetic field gradient within 6.3 s to 
zero. Atoms thus mainly escape from the trap along the 
vertical direction. Simultaneously we adjust the scatter- 
ing length by decreasing the magnetic field to a final value 
of ~ 22 G to minimize three-body losses [s^l . As we also 
slightly decrease the power of the CO2 dimple to 2W, 
the effective trap depth without levitation is ~ 2 /iK. 

We finally obtain ~ 4 x 10^ Cs atoms at a temper- 
ature of about 200 nK in the crossed C02-laser trap. 
The trap frequencies of the final configuration without 
magnetic field gradient are measured to be 84(1) Hz and 
10(1) Hz in the horizontal plane, and 80(1) Hz in the ver- 
tical direction. The resulting peak density of the atoms 
is '--'1 X lO^'^cm"^, and the phase-space density is about 
0.4. 
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FIG. 3: (color online) The molecular energy structure for 
very small binding energies in the region of the 19.8 G, 47.9 G 
and 53.4 G Feshbach resonances, not resolved in Fig.[T] Above 
45 G two avoided crossings are present in the energy structure. 
We use all three Feshbach resonances to associate molecules 
by ramping or switching the magnetic field. The arrows indi- 
cate the pathway after molecule association as the magnetic 
field is ramped down to allow for the optical removal of the 
atoms from the molecules. For details see text. 



B. Molecule production through Feshbach 
resonances 

We magnetically associate ultracold cesium atoms to 
dimers on Feshbach resonances [H 0j ■ In this work 
we use three different resonances, the two g-wave reso- 
nances a.t B = 19.8 G and 53.4 G and the d-wave res- 
onance at 47.9 G, see Fig.|31 The width of the g-wa.ve 
resonances is only a few mG, the d-wave resonance is 
about 200 mG wide. While the molecule formation at 
the 19.8 G g-wave resonance results in g-wave molecules, 
the association at the 47.9 G d-wave resonance leads in 
practice to s-wave molecules. This is a consequence of 
an avoided level crossing close to threshold between the 
states Ad and 6s, see Fig. [3] Similarly, the association at 
the 53.4 G g-wave resonance results in d-wave molecules. 

For molecule creation two different techniques are used. 
Depending on the character of the Feshbach resonance, 
we apply a ramping or a switching scheme to produce 
dimers |38| . The switching scheme works particularly 
well at the narrow g-wave Feshbach resonances. We set 
the magnetic field typically 0.5 G above the resonance. 
The field is then suddenly changed to the resonance po- 
sition and kept there for ^ 5 ms. In contrast, at the much 
broader 47.9 G d-wave Feshbach resonance we find supe- 
rior efficiency by applying a linear magnetic field ramp 
(ramping scheme). We start typically 100 mG above the 
resonance and linearly ramp the magnetic field within 
5 ms to about 100 mG below the resonance. The efficien- 
cies for molecule production range from a few percent up 
to 20%. Starting from 4 x 10^ atoms we typically obtain 
15, 000 molecules, see Table HI 

To prepare a maximum number of molecules in the 
trap, it is necessary to separate atoms and molecules as 
fast as possible, since atom-dimer collisions dramatically 
reduce the lifetime of the molecular sample [11]. We re- 
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TABLE II: Parameters for molecule production using three 
different Feshbach resonances. Br is the field value at which 
the atoms are removed with the blast technique. 



Feshbach resonance position (G) 


19.8 


47.9 


53.4 


entrance state 


4p(4) 


4d 


2.9 


ramp speed (G/s) 




36 




state at Br 


43(4) 


6s 


4d 


Br (G) 


14.5 


19.7 


45 


time to reach Br (ms) 


0.4 


3 


I 


number of molecules 


19000 


9000 


15000 



move the atoms from the dipole trap using a 'blast' tech- 
nique similar to Ref. @. First, the atoms are pumped 
out of the 1 3, 3} state by light close to the F = 3 ^ F' — 3 
transition. The blast pulse is tuned to the closed opti- 
cal transition \F = 4,mp = 4) ^ \F' = h^mpi = 5), 
which we also use for imaging. The optical cleaning 
process causes some unwanted loss and heating of the 
molecules. Particularly if the molecules are very weakly 
bound /i X 1 MHz) or the blast duration is too long 
1 ms) these effects are not negligible. Therefore im- 
mediately after the association we rapidly ramp the mag- 
netic field further down. When the binding energy of the 
molecular state is on the order of /i x 5 MHz the molecules 
are much less affected by the blast light. When using the 
19.8 G resonance the magnetic field has to be ramped 
down only a few Gauss to reach such a binding energy. In 
case of the 47.9 G resonance (53.4 G resonance) the lower- 
ing of the magnetic field transfers the molecules into the 
6s-state (4(i-state) through the present avoided crossings, 
see Fig.|31 Therefore, to reach a sufficiently large binding 
energy a larger change in the magnetic field is required, 
resulting in a longer time to reach the field. However, 
with a typical blast duration of 400 iis we achieve a suf- 
ficient removal of the atoms from the trap while keeping 
the blast-induced molecule losses small (~ 10 — 15%). 

The precise timing for molecule production, the mag- 
netic field for the purification, and the obtained number 
of molecules strongly depend on the particular Feshbach 
resonance. Tablellll summarizes the relevant experimen- 
tal parameters of our molecule production. We measure 
a typical temperature of 250 nK for the molecular sam- 
ples. This is slightly higher than the temperature of the 
atoms, presumably because of the effects of the blast 
cleaning technique. The corresponding peak density of 
the molecules is ~ 7 x 10"'^^ cm~'^. 



C. Molecular state transfer 

Other molecular states than the ones that we can di- 
rectly access through the Feshbach creation schemes can 
be populated by controlled state transfer. The experi- 
mental key is the precise control of Landau- Zener tun- 
neling at avoided crossings through elaborate magnetic 
field ramps. By means of the ramp speed we can choose 



whether a crossing is followed adiabatically (slow ramp) 
or jumped diabatically (fast ramp). An important appli- 
cation of controlled ramps through avoided crossings is 
the coherent splitting of the molecular wave function for 
intermediate ramp speeds, as reported in Ref. (40| . 

Within the Landau-Zener model [4l|, \^ an avoided 
level crossing is characterized by two parameters, the cou- 
pling strength and the differential slope of the states. For 
the coupling strength we introduce the parameter V as 
half the energy splitting between the two states at the 
crossing point. To characterize the slope we use as 
the magnetic moment difference between the two states. 
With these two parameters one commonly defines a crit- 
ical ramp speed 



For fast ramps with ramp speed B ^ 7'c, the passage 
through the crossing is diabatic and the molecules stay 
in the same bare state. For slow ramps {B <^ Tc), an adi- 
abatic transfer into the other molecular state takes place. 
For Cs Feshbach dimers the typical coupling strengths for 
crossings between states of different f£ (see Sec. are 
such that the critical ramps speeds are found in a range 
convenient for experiments. Full control ranging from 
completely diabatic Landau-Zener tunneling to full adi- 
abatic transfer can be achieved for most crossings (see 
SCC. IIVA2I) . 

To illustrate the experimental procedure for transfer- 
ring molecules into different states, we now consider the 
preparation of a molecular sample in a selected "target" 
state. As an example we discuss the population of the 
target state 6/(4) in detail. As the state transfer strongly 
relies on the technical performance of the set-up for mag- 
netic field control, we give a detailed description of the 
set-up in the Appendix „ 

As shown in Fig. [JKa), we first create 4(7(4) molecules 
at the 19.8 G Feshbach resonance. We then lower the 
magnetic field to about 14.5 G and remove the remain- 
ing atoms with the blast pulse. In a second step, see 
Fig. Hfb), we lower the magnetic field to ~ 12G within 
a few ms. Consequently, we pass the avoided cross- 
ing between the two states 4g(4) and 65(6) at about 
13.3 G. For this crossing the critical ramp speed, given 
by Eq.[Tl is j'c ~ 1100 G/ms as the coupling strength is 
V ^ h X 150 kHz [l3|- With the applied ramp speed 
of ~ 2 G/ms the transfer into state 6(7(6) is therefore 
fully adiabatic. Fig.[4ljc) illustrates the transfer of the 
65(6) molecules to the target state 6/(4). First we apply 
a fast magnetic field ramp to overcome the 4:g{4)/6g{6) 
crossing, indicated by the straight arrow. The high ramp 
speed required is accomplished by a specially designed 
"booster" coil, described in the Appendix. With a max- 
imum possible ramp speed of 7500 G/ms we achieve a 
transfer efficiency of typically 70%. After the jump we 
enter the target state 6/(4) by adiabatically following 
the next avoided crossing between state 6(7(6) and 6/(4) 
at ^ 15.5 G. For this crossing we find a fully adiabatic 
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FIG. 4: (color online) Illustration of the experimental toolbox for the preparation of molecules in various internal states. As 
an example the creation of molecules in the 6?(4) state is shown, (a) First, we produce 4(;(4) molecules at the g-wa,ve Feshbach 
resonance at 19.8 G and remove the remaining atoms by a short blast pulse, indicated by the rippled arrow, (b) The 4(;(4) 
state is transferred into state 6g{6) by slowly lowering the magnetic field, (c) To overcome the avoided level crossing between 
state 4g(4) and 6g{6) a very fast magnetic field ramp is applied. The target state 6/(4) is then accessed by using a second 
adiabatic ramp, (d) To remove the residual 4(^(4) molecules from the 6Z(4) dimers we ramp the magnetic field slightly above 
20 G, dissociating the 4(jr(4)-molecules into atoms while not affecting the /-wave molecules, (e) The magnetic field is lowered 
again to increase the binding energy of the target state molecules. A second blast pulse removes the remaining atoms. 



transfer when ramping the magnetic field from 15G to 
~ 17G within a few ms. In the fourth step, illustrated in 
Fig.mjd), we prepare the cleaning of the sample from the 
residual 4(7(4) molecules. The magnetic field is ramped 
up to ~ 20 G and kept constant for a few ms. While the 
remaining 4g(4) molecules break up into atoms, the 6/(4) 
molecules are not affected as their dissociation thresh- 
old is higher. Finally, we ramp down the magnetic field 
to i? ~ 16 G where the target molecules arc well below 
threshold, see Fig.[Ue). Again we remove the residual 
atoms using a blast pulse. As a result, we obtain a pure 
molecular sample in the state 6/(4). 

In analogous ways, we apply these techniques to pop- 
ulate any of the states shown in Fig.[TJ 



D. Molecule detection 

The standard detection scheme for Feshbach molecules 
relies on the controlled dissociation by reverse magnetic 
field ramps 0, . When ramping the magnetic field 
above the dissociation theshold, the molecules become 
quasi-bound and decay into the atomic scattering con- 
tinuum. The resulting atom cloud can then be detected 
using standard absorption imaging. 

Magnetic dissociation by inverse magnetic field ramps 
is straightforward for states with large coupling to the 
scattering continuum, and hence any of the Feshbach res- 
onances up to g-wave can be used. We ramp the magnetic 
field typically 2 G above threshold and wait a few ms at 
the dissociation field before the image is taken, /-wave 
molecules do not sufficiently couple to the atomic contin- 
uum and significant dissociation is prevented. One way 
to detect /-wave dimers is to transfer these molecules into 
one of the s-, d- or g-wave states which allow for dissoci- 
ation and hence for detection. 




magnetic field (G) 

FIG. 5: (color online) Example of a detection scheme for l- 
wave molecules, (a) First the 6/(4) molecules are adiabatically 
transferred into the state 4(;(4) via the state 6g{6) by ramping 
down the magnetic field, (b) The avoided crossing at 13.6 G is 
passed by using a fast magnetic field ramp. When ramping up 
to a field of ~ 21 G, the molecules are brought above threshold 
and dissociate. The resulting atom cloud is detected using the 
standard absorption imaging technique. 



To illustrate the detection by controlled dissociation, 
we resume our previous example of Sec. lIII Cl where we 
have described the preparation of a molecular sample in 
the 6/(4) state. Fig. [5] shows the detection scheme that 
we use for this state. First the molecular sample is adi- 
abatically transferred to the state 4(7(4) via the state 
6.g(6) by lowering the magnetic field to about 12.5 G, see 
Fig. [Sfa). We then perform a diabatic state transfer over 
the avoided crossing at r^lAG as indicated in Fig. [5l^b). 
Finally, we ramp the magnetic field up to ~21 G, which 
is well above the dissociation threshold of the 4g(4) state. 

An alternative method for the detection of /-wave 
molecules relies on the particular energy structure of Cs 
atoms above the dissociation threshold. We find that the 
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decay of metastable Z-wave dimers can be mediated by 
coupling to a quasi-bound g-wave molecular state above 
threshold. Such a coupling with A£ = 4 is sufficiently 
strong. We have previously used this process for the de- 
tection of Z-wave molecules in the state 6l{3) in Ref. [40| . 
A more detailed analysis of this dissociation mechanism 
will be presented elsewhere [ij] . 

For imaging of the resulting atomic cloud, the atoms 
are first pumped to the |4,4) state using light close to 
the F = 3 F' = 3 transition. The imaging light is 
resonantly tuned to the closed = 4, tof = 4) \F' = 
5,m'p = 5) optical transition, taking the Zeeman shift at 
the imaging magnetic field into account. 



IV. FESHBACH MOLECULE SPECTROSCOPY 

The rich energy structure of Cs2 Fcshbach molecules 
requires flexible methods for determining the molecu- 
lar energy spectrum. Previous studies on Fcshbach 
molecules have mostly addressed the last, most weakly 
bound state responsible for the respective Feshbach res- 
onance. Molecular binding energies have been mea- 
sured by applying various methods either to atomic 
0, [H, EE El or to molecular samples [1, Q ES E3 ■ 

In this Section, we present our results on spectroscopy 
of weakly bound trapped molecules. We use two different 
techniques to measure the binding energies. Both tech- 
niques are suitable for probing weakly as well as deeply 
bound molecular states. 

The first method (Sec. IIV Ap is based on a measure- 
ment of the molecular magnetic moment [l^ . Magnetic 
moment spectroscopy is a very general method, indepen- 
dent of selection rules and wave function overlap require- 
ments. It can be applied to any molecular state and 
thus is an important tool for molecular state identifica- 
tion. The method in particular allows us to follow and 
investigate the avoided level crossings between different 
molecular states. Transfers between different molecular 
states are observed as sudden changes of the magnetic 
moment. In this way, we are able to completely map out 
the molecular spectrum below the atomic scattering con- 
tinuum, including three Z-wave states, two of which had 
so far not been discovered. 

The second method (Sec. IIVBI) uses microwave radia- 
tion to measure binding energies of trapped molecules 
with very high precision. We use a microwave pulse 
to drive a hyperfine transition from a molecular bound 
state to a higher molecular bound state that is associated 
with another channel of the electronic ground-state man- 
ifold. Rapid spontaneous dissociation loss [i^ provides 
the spectroscopic signal. 




magnetic field (G) 

FIG. 6: (color online). Magnetic moment of Cs dimers across 
the 6s — 6(7(6) — 6Z(4) molecular path, (a) The measured 
magnetic moments (open squares) are compared to the NIST 
calculations (dashed lines). The fast changes of the magnetic 
moment at 18.5 G and 16 G result from the 61(4) /6g{6) and 
6s/6g(6) avoided crossings, respectively, (b) Molecular bind- 
ing energies of the 6s, 6g(6) and 6Z(4) levels calculated from 
the NIST model; see also Fig.[T] The molecular path followed 
in the measurement is indicated by the black arrow. 



A. Magnetic moment spectroscopy 

1. Bare energy levels 

We measure the molecular magnetic moment using the 
Stern-Gerlach effect. Optically trapped molecules are ini- 
tially prepared in a single quantum state at a certain 
magnetic field B by following the procedure described in 
Sec. mil The molecular sample is then released from the 
trap. It starts to expand while simultaneously a vertical 
magnetic field gradient B' = dB/dz of typically 13 G/cm 
is turned on. During the time of flight, both the gravita- 
tional and the magnetic force displace the ccntcr-of-mass 
position of the molecular cloud along the vertical direc- 
tion. The magnetic force acting on the molecules is given 

by 

F, = MmolS', (2) 

where ^moi is the molecular magnetic moment. The ver- 
tical relative displacement Azmoi of the molecular cloud 
with respect to the position after expansion at zero mag- 
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TABLE III: Measured magnetic moment /imoi of Cs2 
molecules in different internal states with the corresponding 
magnetic field range. The error of Hmoi accounts for the statis- 
tical error and a slight change of /Ltmoi in the range considered. 
For each state also the theoretical magnetic moment from the 
NIST model is listed. 



Molecular 








state 




measured 


IN io 1 nioaci 


vt[o ) 


4 - y 


U. 10(4:) 


U. (yJZ 




1 1 
Iz-ID 


U. ID[Z} 


U. / Uz 


4ff(4) 


5.5 - 12 


0.95(4) 


0.912 




15.5 - 20 


0.949(6) 


0.932 


6/(4) 


11 - 15 


0.98(3) 


0.931 




16 - 24 


0.96(1) 


0.931 


6s 


19 


0.192 


0.191 




45 


1.519 


1.515 


6/(5) 


15.5 - 23.5 


1.15(3) 


1.155 




26 - 37 


1.15(2) 


1.155 


id 


41 - 43.2 


0.39(1) 


0.310 




45.5 - 47.1 


0.36(2) 


0.310 


2.9 


51.7 - 52.2 


0.05(3) 


0.001 


63(6) 


19 - 24 


1.49(1) 


1.503 




26 - 40 


1.5(1) 


1.503 



netic gradient is proportional to /imoi, 



AZinol = 



1 limo\B' 

2 TOmol 



(3) 



where TOmoi = 2TOat is the molecular mass and <sg is the 
time spent by the molecules in the magnetic field gradient 
during the Stern-Gerlach procedure. 

To minimize uncertainties resulting from B' , igc, and 
the spatial calibration of the imaging system, it is con- 
venient to measure ^moi relative to the well-known mag- 
netic moment //at of the atoms. Consequently, /imoi can 
be written as 



AZat 



2Ma 



(4) 



where Azat is the measured displacement of atoms for 
the same B and tsG- 

In previous experiments, we have determined /imoi by 
measuring the magnetic field gradient needed to levitate 
the molecules against gravity . For each magnetic 

field value B, the value of B' was adjusted to maintain 
the levitation condition. This method is not practical 
when B is changed over a wide range. In the present ex- 
periments, we measure the displacement of the molecular 
gas for a fixed B' and for B' 

Once the magnetic moment /imoi is known as a function 
of i?, the molecular binding energy Efj is calculated by 
integrating 



-dW " 



/^mol ■ 



(5) 



The integration constant is fixed by the atomic scattering 
threshold where Ei, = 0. Eq.lS] establishes a one-to-one 



correspondence between /imoi and Ef, at each magnetic 
field. 

An example of a magnetic moment measurement is 
shown in Fig.[6l We produce 6s molecules from the 47.9 
G resonance, as discussed in Sec. IIII Bl We then follow 
the path indicated by the arrow in Fig.[6jb) and measure 
the molecular magnetic moment at different values of B. 
We observe a strong magnetic field dependence of the 
magnetic moment of 6s molecules. Above 30 G, where 
the 6s level runs almost parallel to the atomic threshold 
(see Fig.inijb)), /imoi is nearly constant with a value close 
to 2/iat (= 1.5 hb, with Bohr's magneton ^b, for which 
fiB/hKi 1.400 MHz/G). When lowering B below 30 G, we 
start to observe a decrease of /tmoi, which drops to one 
tenth of the initial value within a magnetic field range 
of about 10 G. This behavior is explained by the strong 
coupling between two different 6s states. When further 
lowering the magnetic field, /imoi suddenly changes from 
0.19 /is to 1.5 /is as the molecules are transfered to the 
6(7(6) state via the 6s/6g{6) avoided crossing. The 65(6) 
state has a nearly constant magnetic moment, slightly 
less than l.bfiB- Upon further lowering of B the next 
avoided crossing (to the state 4g(4), see Fig.[T]) would 
be expected at 13.6 G [13, 1131 ■ However, /<moi under- 
goes a rapid change to a value of about I/xb at « 16G. 
This indicates the presence of a new avoided crossing 
and hence the presence of a new state. The existence of 
this state cannot be explained within the original NIST 
model [H, [13 , which includes molecular states only up 
to gr-waves. The extension of the model to higher order 
molecular states (Sec. |n| identifies this state as a 6Z(4) 
state 0. 

Similar measurements have been performed for most 
of the molecular states in the magnetic field range from 
5 to 55 G. The results of our magnetic moment spec- 
troscopy are summarized in Table|TTT] and the molecular 
energy spectrum derived using Eq. ^ is shown in Fig. [7] 
(open circles) along with the results of the extended NIST 
model (solid lines). We detect all the s, d-, g- and /-wave 
states in the range of interest. Note that there are no i- 
wave states in this range. All c?-, g- and /-wave states ex- 
hibit a rather constant magnetic moment. Consequently, 
we find a nearly linear dependence of the binding energy 
on B, as shown in Fig.[71 

In Table imi and Fig.[7]we compare our results with the 
NIST model. In general, we find good agreement with 
the theoretical predictions for the binding energies and 
magnetic moments of the s, d and g-wave states. The 
small discrepancies observed for the lower branch of the 
4g(4) state and for the M state are probably the result 
of the more complicated production schemes introducing 
larger systematic errors in the measurements. 

An important result of the magnetic moment spec- 
troscopy is the detection and characterization of three 
/-wave states, the states 6/(3), 6/(4) and 6/(5). Re- 
cently, signatures of the 6/(3) state have been reported in 
Rcf. [401 , whereas the other two states had so far not been 
discovered. In contrast to the s, d and (/-wave states, the 
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magnetic field (G) 



FIG. 7: (color online). Energy spectrum of weakly bound Cs molecules as a function of the magnetic field. The binding 
energies for the different molecular states are derived from magnetic moment spectroscopy (open circles). The solid lines are 
the molecular binding energies resulting from the extended NIST model (for details see Sec. lll)l . 



l-wave states do not reveal themselves via Feshbach reso- 
nances in atomic scattering as the coupling to the atomic 
scattering state is too weak. Therefore these states had 
previously not been included in the NIST model. The 
extended NIST model shows the existence of these three 
Z-wave states and predicts their magnetic moments. De- 
spite the accuracy for these predictions, the model is not 
able to precisely determine the binding energies. Our 
measurements now completely characterize the three l- 
wave states and in particular give a value for the binding 
energy at zero magnetic field where all three states are 
degenerate. We find the binding energy of the 61 mani- 
fold of states at zero magnetic field to be 17.61(9) MHz. 
In Fig.[T] and in Fig.[7| we have down-shifted the NIST 
prediction of the 6^ states by 2.25 MHz to match the 
experimentally obtained binding energies. The measure- 
ments also locate the magnetic field positions where the 
three 61 states intersect the atomic scattering continuum. 
We find the crossing positions for the 6Z(3), 61 (A), and 
6l{5) states at 16.1(2) G, 22.0(2) G, and 35.0(2) G, re- 
spectively. 



6g(6) state 




4g(4) state 

~^ 12 ' 13 ' 14 ' 15 

magnetic field (G) 



FIG. 8: (color online). Magnetic moments of Cs dimers 
across the 6(?(6)/4(7(4) avoided crossing. Both the change 
in magnetic moment from the 6g{6) to the 4(7(4) state (cir- 
cles) and the one from the 4(;(4) to the 63(6) state (triangles) 
are shown. The measured magnetic moments are fitted using 
Eq. (O (solid lines) . 



2. Avoided crossings 

Magnetic moment spectroscopy also allows a direct 
observation of the avoided crossings between different 
molecular states. As is well known, the coupling V be- 
tween two generic molecular states, state 1 and state 2, 
modifies the bare energies Ei and E2 by opening an en- 
ergy gap 2V at the crossing position. In the limit of a 



coupling strength V that is small compared to the energy 
separation to all other states, the avoided crossings can 
be studied within a simple two-state model. This model 
takes the two interacting bound states into account while 
both the couplings with the scattering continuum and 
with other molecular states are neglected. The coupled 
energy levels are given by 
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200 



TABLE IV: Avoided crossing positions Bo and coupling 
strengths V/h between the 6(/(6) state and the intersecting 
f£{mf) molecular states obtained by fitting the measured 
magnetic moments with Eq. ([7}. The errors are the one-sigma 
statistical uncertainties. V/h measured with different tech- 
niques are also reported (see notes). 



f£{mf) 


Bo (G) 


V/h (kHz) 


6/(3) 
4S(4) 
6/(4) 
6/(5) 
4d 


11.22(2) 
13.29(4) 
15.50(3) 
25.3(1) 
45.15(4) 


164 (30) 
64(13)"^ 
63(22)"^ 
120(21) 


16(3)", 14(1)" 
150(10)" 



"Landau-Zcner method. 

"intcrferomctric method |40|| . 

'^Magnetic levitation method Il4l . 

■^The values should be considered as upper limits. 



The energies and E- refer to the upper and lower 
adiabatic levels of the avoided crossing. The derivatives 
—dE±/dB correspond to the magnetic moments /i+ and 
fi- of the coupled states with 
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1 ^^M^^_m)^CB_So^_ 

2 ^(^2 -^l)2(B - 50)2+4^2' 



(7) 



Here, So is the magnetic field at the avoidcd-crossing 
position, and fii and fi2 arc the magnetic moments of 
the two bare molecular states. 

In the following we focus on the avoided crossings be- 
tween the 6(7(6) state and the other f£{mf) states. Fig. [8] 
shows the magnetic moments /i+ (circles) and fi_ (trian- 
gles) across the 6g{6)/4:g{4) avoided crossing. To derive 
the coupling strength between these two states, we fit our 
data using Eq. ([7]) by leaving /ii, 112, Bq, and V as free pa- 
rameters. The same procedure is adopted to analyze the 
other crossings. The coupling strengths and the avoided 
crossing positions are listed in Table lTVl For comparison, 
we include in Table llVl measurements of V obtained with 
other techniques, such as the Landau-Zener method dis- 
cussed below, a magnetic levitation method [l^ . and an 
interferomctric method [40| . 

In Fig. Owe plot the measured coupling strengths V be- 
tween the 65(6) state and the other intersecting states as 
a function of the difference in orbital angular momentum 
\Ae\. While the 6g(6)/45(4) and the 6g(6)/4d crossings 
are the result of the first order spin-spin dipole interac- 
tion, the crossings with the 1-wave states are second or- 
der. As a general trend, crossings with larger |A£| tend 
to have a weaker coupling. 

Systematic errors in our avoided crossing measure- 
ments stem from the finite size of the molecular cloud 
and the change of //moi during the free fall and expan- 
sion. These effects cause an apparent broadening of the 
avoided crossings and lead to an overestimation of the 
coupling strengths, in particular for the narrower cross- 
ings. We find a limit on the minimum coupling strength 
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FIG. 9: Coupling strengths V/h between the 63(6) state and 
the intersecting f£{mf) molecular states as a function of the 
difference their orbital angular momentum quantum numbers, 
\A£\. The data refer to the values obtained via the mag- 
netic moment spectroscopy (filled circles), a magnetic levi- 
tation method (empty circle) [l4| . an interferometer method 
(square) [40| . and the Landau-Zener method (triangle). 
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FIG. 10: (color online). Conversion efficiency on the 
63(6)/6/(3) avoided crossing as a function of the ramp speed. 
A pure sample of 6/(3) molecules is partially transferred into 
the 6(7(6) state at different ramp speeds. We measure either 
the fraction of transferred 6g{6) molecules (open circles) or 
the fraction of non-converted 6/(3) molecules (filled circles). 
The solid line refers to the Landau-Zener formula for p given 
by Eq. ((8}, while the dashed line is 1 — j3. 



that can be extracted with reasonable precision. We es- 
timate from simulations that coupling strengths below 
h X 50 kHz can no longer be sensitively measured with 
our present method. 

An alternative method to determine the coupling 
strengths of avoided crossings is based on the Landau- 
Zener tunneling model [4l|, \^ , already discussed in 
Sec. nil Cl Eq. ([T]) shows a quadratic dependence of the 
critical ramp speed Tc on the coupling strength V. The 
probability to transfer molecules from one bare state to 
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the next in a single passage through the avoided cros sing 
is given by the well-known Landau-Zener formula [4ll . l42j | 

p = 1 - exp (-rjs) , (8) 

where B is the ramp speed. 

As an example, we apply this method to the 
6g{6)/6l{3) avoided crossing. We measure the conver- 
sion efficiency of molecules from the 6l{3) state below 
the crossing to the 617(6) state by sweeping the mag- 
netic field across the 6g{6)/6l(3) crossing at various ramp 
speeds B. The results are shown in Fig.[TOl For B <C 
the molecules are adiabatically transferred to the 6.g(6) 
state (open circles) whereas, for B ^ r^,, they end up 
in the 6^(3) state above the crossing. The conversion 
efficiency is measured by detecting the 6g(6) molecules 
(open circles) and also by detecting the 6Z(3) molecules 
(filled circles). By fitting our data with Eq. ([8]), we es- 
timate the coupling strength of the 6l{3)/6g{6) crossing 
to be y = ft- X 16(3) kHz. This value is consistent with 
the result of 14(1) kHz obtained in Ref. [i^] using a more 
precise interferometric technique. 

B. Microwave spectroscopy 

Molecules in the 6s state (see FigJT]) are of particu- 
lar interest as quantum halo states [50|. Halo states are 
extremely weakly bound dimers characterized by a large 
interatomic separation that greatly exceeds the van der 
Waals length vq (for Cs, tq ~ 101 aq) and by a binding 
energy much smaller than the van der Waals energy (for 
Cs, h^/mrl ^ hx 2.708 MHz) These states are uni- 
versal in the sense that they are fully characterized by 
a large atomic s-wave scattering length a. In particular, 
the wave function does not depend on the microscopic 
details of the scattering potential. The precise knowl- 
edge of the 6s state is crucial for understanding universal 
two-body physics and for studying universal three-body 
Efimov-type states [TB ]. 

We detect molecular transitions induced by microwave 
radiation to probe the binding energy of the 6s molecules. 
The relevant atomic states are the lowest hyperfine state 
\F = 3,mp = 3) and the doubly-polarized state |F = 
4:,mp = 4). Fig.fTlTa) shows the energy level structure 
of the two scattering channels \F = 3,mp ^ 3) + \F = 
3,mF = 3) and |F = 3,mF = 3) + |F = 4,mF = 4). The 
bound states involved in the molecular transition are the 
6s state and a 7s state that lies slightly below the atomic 
scattering channel |F = 3,TOi;- = 3) + \F — A,mF = 4). 

The weakly bound 7s state is directly related to the 
large triplet scattering length qt that dominates the |F = 
3,mp = 3) + \F = 4, mp — 4) scattering channel. The Cs 
triplet scattering length, predicted by the NIST model, 
is (2400 ± 100)ao, and consequently the 7s state has a 
small binding energy of i?^ = h^/ma^ fa h x 5 kHz. 

We map out the binding energy of the 6s molecules by 
measuring the transition frequency i^moi from the 6s to 
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FIG. 11; (color online). Microwave spectroscopy of Cs dimers. 
(a) A bound-bound transition is driven from the 6s state to 
a 7s state slightly below the |F = 3, mF = 3) -I- |_F = 4, ttif =4) 
scattering channel, as illustrated by the longer arrow. The 7s 
state is offset from the scattering channel for clarity. The fre- 
quency corresponding to the |_F = 3, m_F = 3) — » |-F = 4, =4) 
atomic transition at zero-field is v^x ~ 9.193 GHz. (b) Mi- 
crowave spectrum of atoms (triangles) and 6s molecules (dots) 
at -B « 18.7 G as a function of the frequency offset v—v^x- The 
molecular transition corresponds to a sharp loss resonance. 
We determine the center position to be 4.9545(3) MHz and 
the resonance width to 12(3) kHz from a gaussian fit (solid 
line). 

the 7s state as a function of B. The binding energy is 
then given by 

E^,{B) = hx (i^„,oi(S) - z/at(B)) + El (9) 

where fat(-B) is the \F = 3, mp = 3) ^ = 4, mp ~ 4) 
atomic transition, which follows the Breit-Rabi formula 
and is used here as frequency reference. In our experi- 
ment, we again start with optically trapped 6s molecules 
at some magnetic field B. A microwave pulse of typi- 
cally 5 ms duration drives the bound-bound transition, 
and partially transfers molecules from the 6s state to the 
7s state. We then hold the sample in the trap for 10 ms 
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magnetic field (G) 

FIG. 12; (color online). Binding energy of the 6s molecules 
as a function of the magnetic field (triangles). The binding 
energies correspond to the measured frequency shift from the 
expected |-F' = 3,mF = 3) — > |_F = 4,mF = 4) atomic transition 
(see Eq. Q). The statistical errors are about 1 kHz, i.e. 
much smaller than the data symbol size. The solid line is the 
result of the NIST model. The inset is an expanded view of 
the binding energy in the proximity of the 6s/6g{6) avoided 
crossing. 



and we detect the total number of remaining molecules 
using the techniques described in Sec. lIII D[ We perform 
similar measurements at different magnetic fields to re- 
cover El, within the magnetic field range of investigation. 

As a frequency reference, we measure z/at(B) on a 
trapped sample of 4 x 10^ Cs atoms at T « 200 nK, ini- 
tially prepared in the hyperfine ground state |i^ = 3, mp^ 
3). For each B, we apply a microwave pulse resonant to 
the |F = 3,TOi? = 3) \F = 4:,mp = 4) hyperfine transi- 
tion. The atoms arc then detected after a holding time 
in the trap of typically 100 ms. The microwave excitation 
results in resonant loss from the atomic sample. 

The particle losses observed in both the atomic and 
the molecular sample are the result of hyperfine spin re- 
laxation [H, [5l|. In the atomic case, the relaxation is 
driven by the binary collision of two free atoms, while in 
the molecular case it can be considered as being driven 
by a collision within the molecule [5l|, leading to spon- 
taneous dissociation. In any case, one of the atoms is 
subject to a spin flip, releasing the hyperfine energy that 
greatly exceeds the trap depth and leading to trap loss. 
According to the NIST model, the 7s state is coupled to 
several possible decay channels, causing a decay width of 
the state of 27r x 70 Hz [s^l • We in fact observe a decay 
of 7s molecules on a timescale of a few ms. In the case 
of Cs atoms in the \F ~ 3, mp = 3) + = 4, mp = 4) 
scattering channel, we measure a lifetime of ~ 50 ms 
consistent with the predicted two-body loss coefficient 
of 5 X 10~i2cni3/s[3il. 

A typical microwave spectrum for both atoms and 
molecules is shown in Fig.fTTTbV The resonant frequen- 
cies and the line widths are determined by fitting the data 
with gaussian profiles. The molecular transition shows 



a narrow and symmetric loss resonance. From the fit, 
we find a line width of 12(3) kHz. This value is close 
to our experimental resolution of ^ 10 kHz, essentially 
resulting from mag netic field fluctuations. As demon- 
strated in Rcfs. |47l [5^ . the symmetry of line shape in- 
dicates that a bound-bound transition occurs, even in 
the presence of magnetic field broadening. Wc cannot 
distinguish bound-bound from possible bound-free tran- 
sitions due to the small energy difference between the 
\F = 'i,mp = 'i) + \F = A,mp = A) scattering channel and 
the 7s state. However, we believe that the bound-bound 
transition dominates as the transition probability for a 
bound-free transition is expected to be much weaker due 
to the smaller Franck-Condon overlap between the initial 
and final state [11] . 

Figurc fT^ shows the binding energies of 6s molecules in 
a magnetic field range from 12 to 45 G together with the 
predictions from the NIST model. The inset shows an 
expanded view of the binding energy in the proximity of 
the 6s/6g(6) avoided crossing at around 18.5 G. We ob- 
serve an increase of the microwave power needed to drive 
the bound-bound transition when the avoided crossing 
is approached. The 6s and 6g(6) state couple and the 
molecules are in a dressed state. A microwave pulse can 
drive molecular transitions that change the total angular 
momentum / and its projection m^, while the orbital mo- 
mentum i has to be conserved. The bound-bound tran- 
sition between the 6g(6) and the 7s state with = 4 is 
hence forbidden. 

The microwave measurements on the 6s state pro- 
vide precise binding energies of up to about hx 20 MHz. 
Higher binding energies can in principle be accessed by 
further lowering the magnetic field. The comparison be- 
tween our results and the NIST model generally shows 
very good agreement. We have observed small devia- 
tions between theory and experiment when the 6s state 
starts to bend towards larger binding energies (see inset 
of Fig.fT^. This deviation suggests that the 6s state is 
perturbed by the coupling to other molecular states. Our 
data provide high precision input for further refinements 
of the NIST model. 



V. CONCLUSION 

We have explored the rich internal structure of weakly 
bound Cs2 Feshbach molecules, prepared in a C02-laser 
trap. Magnetically induced association based on three 
different Feshbach resonances served as the entrance door 
into the manifold of molecular states. Wc have developed 
a set of methods to transfer molecules to various inter- 
nal states, to clean the population in the optical trap 
from remaining atoms and from molecules in unwanted 
states, and to detect the molecular population via con- 
trolled dissociation. In particular, we have investigated 
so far unexplored /-wave states, for which direct Feshbach 
association is not possible because of negligible coupling 
to atomic scattering states. 
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We have determined the binding energy spectrum us- 
ing two different techniques. Magnetic moment spec- 
troscopy has been demonstrated as a versatile and sensi- 
tive method to detect molecular states. It shows avoided 
crossings between different molecular states and reveals 
the presence of higher partial wave states. Using this 
technique we have mapped out the molecular spectrum 
up to binding energies oi Ejj/h = 10 MHz and in a mag- 
netic field range from 5 to 55 G. Using microwave spec- 
troscopy, we have performed highly precise measurements 
of the binding energy of a particularly important s-wave 
state above 13 G, where < 20 MHz. The results 

show how this state, which essentially determines the s- 
wave scattering length, evolves into a weakly bound state 
with quantum-halo character. These results are impor- 
tant for applications of this s-wave state to universal few- 
body quantum physics, such as the exploration of Efimov 
states. 

Our measurements provide a sensitive test for the the- 
oretical NIST model, which was developed to describe 
quantum scattering phenomena of Cs atoms. We could 
confirm the basic predictions of this model on the weakly 
bound molecular structure. The exploration of novel l- 
wave states and highly precise measurements on a weakly 
bound s-wave state provide experimental input for fur- 
ther refinements of the NIST model. 

In a broader perspective, our work demonstrates gen- 
eral ways to manipulate Feshbach molecules through 
elaborate magnetic-field control. This extends the exper- 
imental tool-box available for the preparation of homo- 
and hetcronuclear ultracold molecules in desired internal 
states. 
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APPENDIX: MAGNETIC FIELD SETUP AND 
CALIBRATION 

The experiments with ultracold Cs molecules are per- 
formed in a twelve-sided polygonal stainless-steel vacuum 
chamber with large re-entrant viewports on top and bot- 
tom for maximum optical access along the vertical axis 
[5^. The C02-laser light is brought in along the horizon- 



tal plane through special ZnSe-viewports. On the twelve 
sides of the polgygon, there are in total 4 pairwise op- 
posite viewports for the C02-laser light and 6 pairwise 
opposite viewports for the near-infrared laser cooling and 
trapping light and for imaging. The two remaining oppo- 
site openings are reserved for the atomic beam, the Zee- 
man slowing laser beam, and the vacuum pumps. The 
total magnetic field is produced by several sets of coils, 
some mounted on the steel chamber, others placed in- 
side the re-entrant viewports closer to the trap center, 
but still outside the vacuum. The presence of the metal 
limits the magnetic field switching times as a result of 
eddy currents. Nevertheless we achieve a maximum of 
experimental flexibility by combining the larger fields of 
the bigger coils with the more rapidly switchable fields 
of the smaller coils inside the viewports. 



1. Bias field 

The vertical offset field for molecule production and 
manipulation is created by a pair of water cooled coils 
with a mean radius of 66 mm in approximate Helmholtz 
configuration. The coils are placed inside the re-entrant 
viewports along the rim of the windows. They allow a 
magnetic field of up to 60 G for dc-operation with a typ- 
ical 1/e-switching time of 1.5 ms. The current from a 
programmable power supply is servo-loop controlled. A 
second pair of large coils with a mean radius of 112.5 mm 
is attached to the outside of the flanges that hold the re- 
entrant viewports and can provide an additional dc-field 
of up to 200 G. 

For the molecule transfer schemes as described in 
Scc. lIIIl one further set of air cooled coils and a single 
"booster-coil" are used inside the re-entrant viewport: A 
pair of coils in approximate Helmholtz configuration with 
a radius of 44 mm is mounted on plastic holders near the 
vaccum window as close to the trap center as possible. 
The coils with a servo-loop controlled current produce 
a magnetic field of up to 10 G, while the 1/e switching 
time is ~ 300 /is. As a result, ramp speeds in the range 
of 30G/ms can be achieved. The fastest magnetic field 
changes are realized by a small, single "booster" coil with 
only 4 windings and a diameter of 24 mm at a distance 
of ~ 30 mm to the trap center placed inside the top re- 
entrant viewport. Using a capacitor bench and servo- 
loop control for the current we achieve magnetic field 
pulses with amplitudes of up to 7 G. The maximum pulse 
duration of 1 ms is sufficiently long to adjust the offset 
field of the other coils within this time. With a typical 
switching time of 400 ns we achieve ramp speeds of up 
to 17000 G/ms. To change the ramp speed we vary the 
pulse amplitude as the rise-time cannot be adjusted. The 
coupling of ramp speed and pulse amplitude is somewhat 
problematic. It limits the possible ramp speeds at certain 
avoided crossings, because too large pulse amplitudes can 
produce uncontrolled ramps over other avoided crossings 
nearby. Note that the booster coil also produces a mag- 
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netic field gradient. However, his gradient is irrelevant 
for the experiments reported here. 

The relative stability of the servo-loop controllers is 
about 10^^ and thus well below the ambient magnetic 
line noise (~ 10 mG). 

2. Gradient field 

The magnetic gradient field is produced by a pair of 
water cooled coils in approximate anti-Helmholtz con- 
figuration. These coils with a radius of 66 mm are also 
placed inside the re-entrant viewports. They allow a dc- 
gradient field of up to 80G/cm. Large field gradients 
can be switched within 3 ms, limited by eddy currents. 



For small gradients such as 13 G/cm, as used in the mag- 
netic moment spectroscopy measurements, we measure 
somewhat lower magnetic switching times of 1 ms. 

3. Magnetic field calibration 

To calibrate the magnetic field we use the microwave 
technique on a trapped atomic sample as described in 
Scc. IIVB] We use the Breit-Rabi formula to determine 
the magnetic field value from a measurement of the 
atomic hyperfine transition frequency between the states 
\F = 3,mp = 3) \F = 4:,mp = 4). Line noise limits the 
stability of the magnetic field to about 10 mG for typical 
integration times. 
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